The in vitro antibacterial properties of chitosan solution and its effect in protecting silkworms from bacterial septicemia disease were evaluated. The results showed that chitosan solution at concentrations of 0.01, 0.05 and 0.10 mg/ml exhibited strong antibacterial activity against two strains of Serratia marcescens. The antibacterial activity of chitosan solution against strain ZJS0801 of S. marcescens increased with the increase of chitosan concentration, while the antibacterial activity against strain ZJS0802 of S. marcescens was unaffected by chitosan concentration. The antibacterial activity of 0.10 mg/ml chitosan solution against S. marcescens increased with the increase of incubation time regardless of the tested strains. The mortality of larvae inoculated with the mixture of S. marcescens ZJS0801 and chitosan solution was significantly reduced compared to bacteria alone. In addition, the larvae mortality of silkworms inoculated with S. marcescens ZJS0801 was significantly reduced when silkworm larvae were fed on mulberry leaves treated with chitosan solution. Overall, the results indicated that chitosan solution had the potential for control of bacterial septicemia disease of silkworms.
INTRODUCTION
The domesticated silkworm, Bombyx mori, is an economically important insect which has been used for silk production for more than 5,000 years (Goldsmith et al., 2005) . Although artificial fibers have replaced the use of silk in much of the textile industry, silk has maintained its appeal and value. It has many unique physical advantages and the luster and drape of silk fabrics make silk the most attractive and highest priced natural fiber. Today, China produces about 75% of the world's raw silk, which is valued at $1.6 billion. India produces about 15% and Korea and Turkmenistan produce just under 5% each. About 30 other countries produce commercial silk. The worldwide demand for silk is increasing and the silk industry has a commercial value of $200-$500 million annually (Dingle et al., 2005) .
Silkworm crop loss is mainly attributed to the occurrence of diseases, rather than to unfavorable weather conditions that lead to poor harvests of mulberry leaves (Watanabe et al., 1988) ; however, it is difficult to exclude pathogens from the silkworm-rearing environment (Nataraju et al., 1999) . Indeed, silkworms are highly susceptible to viral, bacterial and fungal diseases (Choudhury et al., 2002 (Choudhury et al., , 2004 Kaito et al., 2002; Kunimi, 2007) . The etiology of viral and fungal diseases has been investigated thoroughly whereas the etiology of bacterial diseases is not fully understood because of the multiplicity of factors involved in bacterial infection. Bacteria are ubiquitous in nature and a variety is constantly present on mulberry leaves, rearing tools, dust in the rearing room and on the hands of laborers who handle silkworms (Watanabe et al., 1998) . Several types of bacterial disease are found among silkworms (Weiser and Lysenko, 1956; Choudhury et al., 2004) , among which bacterial septicemia is one of the most severe diseases of the silkworm, which is caused by Serratia marcescens. It is now well established that this organism is widely distributed in sericulture environments and causes severe damage to the silkworm industry (Krishnaswami et al., 1973) . Indeed, S. marcescens is a Gram-negative bacterium that causes disease in plants and in a wide range of both invertebrate and vertebrate hosts (Grimont and Grimont, 1978; Fletcher, 2007) . When the integument is weak in the molt, this bacterium can invade from the metamere to the fluid, and proliferate rapidly. In less than 48 h, the silkworm dies as a result of septicemia. In addition, coating the parasitoid ovipositor with S. marcescens has been suggested as a suitable technique to indicate parasitoid oviposition in host range studies (McNeill, 2000; McNeill et al., 2000; Jackson et al., 2004) .
The occurrence of disease might vary due to weather conditions, rearing season, silkworm races, feeding and rearing techniques, and geographical areas; therefore, good hygiene and disinfection can keep growing areas clean but do not prevent the entry of infectious agents. Breeding for resistance is one way of decreasing the effects of infection. An additional hazard for any insect culture is the widespread use of a biological agent, the bacterium Bacillus thuringiensis, to control plant pests. This agent will also kill susceptible B. mori (Dingle et al., 2005) . Prevention of silkworm diseases is one of the most important aspects in the success of commercial sericulture; however, no remedial measures have so far been developed to check the infection and further spread of bacterial septicemia disease in silkworms.
Chitosan is a natural nontoxic biopolymer derived by deacetylation of chitin, a major component of the shells of crustacea, such as crab, shrimp, and crawfish. In recent years, applications of chitosan in the fields of medicine, food, chemical engineering, pharmaceuticals, nutrition, environmental protection and agriculture have received considerable attention (Chung and Chen, 2008; Li et al., 2008b) . In addition, chitosan has several advantages over other types of bactericide because it possesses higher antibacterial activity, a broader spectrum of activity, a higher killing rate, and lower toxicity toward mammalian cells (Hu et al., 2007) . Interestingly, the growth-promoting effect has recently been observed in silkworms raised with chitosan feed rather than additive free (Hashida et al., 2006) . In addition, the bactericidal activity of chitosan against human colonic bacteria has been reported (Simunek et al., 2006) ; however, few investigations have been performed on chitosan activity for bacterial diseases in invertebrate animals. In the present study, the possible application of chitosan solution for the control of bacterial septicemia in silkworms was investigated.
MATERIALS AND METHODS
Preparation of chitosan stock. Chitosan (degree of N-deacetylation no less than 85%, practical grade, from crab shells) was obtained from SigmaAldrich (St. Louis, MO, USA). Stock solution of chitosan (5 mg/ml) was prepared in 1% acetic acid with pH adjusted to 6.0 with NaOH (Liu et al., 2006) . After stirring (160 rpm) for 24 h at room temperature, the stock solution was autoclaved at 121°C for 20 min. Sterile deionized water of pH 6.0 was used as a control.
Rearing of silkworms. Hybrid strain larvae of silkworm (commercial name: Qingsong Haoyue) were reared at 25°C in this study. Fresh mulberry leaves (average size: 10 cmϫ20 cm) were obtained from a local mulberry farm (Hangzhou, China). Silkworm larvae were fed sufficient fresh mulberry leaves until the fifth instar and then used for in vivo experiments.
Cultivation of bacteria. Two virulent strains of S. marcescens (ZJS0801 and ZJS0802) were kindly provided by the College of Animal Science, Zhejiang University, and were isolated from diseased silkworms in Zhejiang Province and Jiangsu Province, respectively. All bacterial strains involved in this study were deposited in the culture collection of the Institute of Biotechnology, Zhejiang University, China. The bacterial strains were cultured for 48 h on nutrient agar medium (Li et al., 2008a) at 28°C. After incubation, each bacterial suspension was prepared in sterilized water, and the initial concentration of bacteria was adjusted to approximately 10 8 colony-forming units (CFU)/ml. Counting surviving cells. Bacterial suspensions were ten-fold serially diluted and 10 ml samples were inoculated on nutrient agar medium in hexaplicate for each dilution and were incubated for 48 h at 28°C. After incubation, surviving cells on the agar were counted based on the colony-forming units and then the mean value of cells at the lowest dilution was calculated. Each experiment was carried out in duplicate and replicated twice.
In vitro antibacterial activity of chitosan against S. marcescens Effect of chitosan concentration. Chitosan solutions of 5 ml in volume were prepared by adding chitosan stock to sterile deionized water to give final chitosan concentrations of 0.01, 0.05 and 0.10 mg/ml. Bacterial solution was added to 5 ml chitosan solution to give a final bacterial concentration of 10 7 CFU/ml and then the mixture was incubated at 28°C on a rotary shaker (Hualida Company, Taicang, China) at 160 rpm. In the control treatment, chitosan stock was replaced with sterile deionized water of pH 6.0 in order to obtain the same pH. Two hours later, samples were collected from each cell suspension and bacteria were counted as indicated above.
Effect of incubation time. Chitosan solutions of 5 ml in volume were prepared by adding 100 µl chitosan stock to 4.90 ml sterile deionized water to give a final chitosan concentration of 0.10 mg/ml. Bacterial strains were selected and inoculated into chitosan solution as indicated above. In the control treatment, chitosan stock was replaced with sterile deionized water of pH 6.0 in order to obtain the same pH. Antibacterial activity of chitosan solution on the growth of S. marcescens was determined after 0.5, 1.0, 2.0 and 4.0 h of incubation, respectively.
Control of bacterial septicemia disease of silkworm by chitosan solution. In order to investigate the potential of chitosan solution to control bacterial septicemia disease of silkworms, two experiments were conducted by inoculating healthy fifth instar larvae with strain ZJS0801 of S. marcescens.
Effect of mulberry leaves treated with chitosan solution. In the first experiment, healthy larvae of uniform size and age were randomly selected from the stock colony and placed in trays with mulberry leaves pretreated with chitosan solution or with sterile deionized water as a control treatment. Before bacterial inoculation, silkworm larvae were fed continuously on mulberry leaves immersed in chitosan solution of 0.10 mg/ml for 30 s. The experiment was carried out in a randomized block design with three replicates of each treatment, each of twenty larvae. After application of chitosan, healthy larvae were inoculated by pricking them in the third abdominal segment with sterile needles that had been dipped into 1.0 ml bacterial suspension (10 7 CFU/ml). Control larvae were inoculated with sterile water. Untreated healthy larvae were used as additional controls. After bacterial inoculation, larvae were examined daily for symptoms of disease or death. In addition, mortality was recorded after 24, 48, and 72 h of rearing, respectively.
Effect of the mixture of S. marcescens and chitosan solution. To determine the effect of chitosan solution on bacterial virulence, a second experiment was carried out where bacteria were exposed to chitosan solution. Bacterial inoculum was prepared by adding S. marcescens ZJS0801 to 5 ml chitosan solution at 0.10 mg/ml to give a final bacterial concentration of 10 7 CFU/ml, and then the mixture was incubated at 28°C on a rotary shaker at 160 rpm. In the control treatment, chitosan solution was replaced with sterile deionized water of pH 6.0 in order to obtain the same pH. After 0, 1.5, 2.0 and 4.0 h of co-culture, healthy larvae were inoculating by pricking them with sterile needles that had been dipped into 1.0 ml bacterial inoculum. The experiment was carried out in a randomized block design with three replicates of each treatment, each of twenty larvae. Control larvae were inoculated with sterile water. Untreated healthy larvae were used as additional controls. After bacterial inoculation, larvae were examined and mortality was recorded as indicated above.
Statistical analysis. STATGRAPHICS Plus, version 4.0 (Copyright: Manugistics Inc., Rockville, Md., USA) was used to perform statistical analysis. The levels of significance (pϽ0.05) of the main treatments and their interactions were calculated by analysis of variance after testing for normality and variance homogeneity.
RESULTS

Effect of chitosan concentration on antibacterial activity
The effect of concentration on the antibacterial activity of chitosan solution against two strains of S. marcescens is shown in Fig. 1 . Chitosan solutions up to 0.10 mg/ml showed stronger antibacterial activity against strain ZJS0801 of S. marcescens compared with other treatments. The survival rate of strain ZJS0801 in chitosan solution of 0.01 mg/ml was 4.6%, while the survival rate in chitosan solution of 0.10 mg/ml decreased to 0.8% compared to the starting value (Fig. 1) . However, chitosan solution at 0.01 mg/ml showed effective antibacterial activity against strain ZJS0802 of S. marcescens compared to the starting value after 2.0 h incubation. The survival rate of strain ZJS0802 in chitosan solution of 0.01 mg/ml was 1.1% compared to the starting value. Concentrations higher than 0.01 mg/ml were not significantly different (Fig. 1) .
Effect of incubation time on antibacterial activity
The effect of the incubation time on the antibacterial activity of chitosan against strain ZJS0801 of S. marcescens is shown in Fig. 2a . In the absence of chitosan, the survival rate of bacteria in sterile deionized water was 34.8% after 0.5 h of incubation compared to the starting value. With the increase in incubation time, the survival rate of bacteria remained stable. In the presence of chitosan, the surviving cell numbers were significantly decreased compared to the starting value. In addition, the antibacterial activity of 0.10 mg/ml chitosan solution increased with the incubation time within 4.0 h. After 0.5 h incubation, the survival rate of bacteria in chitosan solution was 1.9% compared to the starting value; however, the survival rate of bacteria in chitosan solution decreased to 0.2% compared to the starting value after 4.0 h incubation.
The effect of the incubation time on the antibacterial activity of chitosan against strain ZJS0802 of S. marcescens is shown in Fig. 2b . In the absence of chitosan, the survival rate of bacteria in sterile deionized water was 30.1% after 0.5 h incubation compared to the starting value. With the increase in incubation time, the survival rate of bacteria remained stable. In the presence of chitosan, the surviving cell numbers were significantly decreased compared to the starting value. In addition, the antibacterial activity of 0.10 mg/ml chitosan solution against strain ZJS0802 increased with the incubation time within 4.0 h, which is consistent with the antibacterial effect of chitosan solution against strain ZJS0801. The survival rate of bacteria in chitosan solution was 2.8% after 0.5 h incubation, which decreased to 0.2% after 4.0 h incubation compared to the starting value.
Control of bacterial septicemia disease of silkworm by chitosan solution
The effect of 0.10 mg/ml chitosan solution on the prevention of bacterial septicemia disease is shown in Table 1 . In the absence of chitosan, silkworm larvae inoculated with strain ZJS0801 showed 83.3, 91.7 and 95.0% mortality after 24, 48 and 72 h of rearing, respectively. However, the mortality of larvae treated with sterile water and the uninoculated control was 0% regardless of the time of rearing (Table 1) . When silkworm larvae were fed on mulberry leaves treated with chitosan solution, the mortality of larvae inoculated with strain ZJS0801 was significantly reduced by 24.0, 25.5 and 28.1% after 24, 48 and 72 h of rearing, respectively. In addition, application of chitosan solution did not result in a significant change in the mortality of larvae treated with sterile water and the uninoculated control.
The effect of co-culture time on the inhibition of bacterial virulence by 0.10 mg/ml chitosan solution is shown in Table 2 . In the absence of chitosan, silkworm larvae inoculated with strain ZJS0801 showed 93.3% mortality after 72 h rearing, while the mortality of larvae treated with sterile water and the uninoculated control was 0%. The mixture of bacteria and chitosan solution resulted in a significant decrease of bacterial virulence compared to bacteria alone. When bacteria were co-cultured with chitosan solution for 0.5 h, the mortality of larvae inoculated with the mixture was significantly reduced by 90.9, 80.7 and 71.4% compared to bacteria alone after 24, 48 and 72 h of rearing, respectively. When bacteria were co-cultured with chitosan solution for 1.0, 2.0 or 4.0 h, the mortality of larvae inoculated with the mixture was 0% after 24 h of rearing. There was no significant difference in the mortality of larvae between bacteria co-cultured with chitosan solution for 0.5 h and 1.0, 2.0 or 4.0 h after 48 h of rearing. In addition, the mortality of larvae was significantly reduced by 85.7% when bacteria were co-cultured with chitosan solution for 1 or 4 h after 72 h of rearing (Table 2) .
DISCUSSION
In this study, chitosan solution at different concentrations showed effective antibacterial activity against two strains of S. marcescens from silkworms compared to the control. To the best of our knowledge, this is the first report on the antibacterial effects of chitosan on S. marcescens. In addition, the mortality of larvae inoculated with S. marcescens was significantly reduced when silkworm larvae were fed on mulberry leaves treated with chitosan solution. Overall, the results indicated that chitosan solution had the potential to protect silkworm larvae from bacterial septicemia disease.
The results of this study indicated that the sensitivity of strain ZJS0801 to chitosan was dose dependent, which is consistent with the result of Liu et al. (2006) , who found that the antibacterial activity of chitosan was influenced by its concentration in the solution. However, the lowest concentration of chitosan (0.01 mg/ml) was enough to affect the survival of strain ZJS0802, indicating that strain ZJS0802 was more sensitive to chitosan than strain ZJS0801. The observed difference in chitosan sensitivity for bacteria may be attributed to the physiological state of the micro-organisms and strain diversity. In addition, this result showed that the antibacterial activity of chitosan solution increased with the increase of incubation time regardless of the bacterial strain, showing that a certain incubation time is required for the antibacterial activity of chitosan solution.
Outbreaks of bacterial septicemia disease caused by S. marcescens are common in insectary-reared silkworms, which can be attributed to the contamination of mulberry leaves and rearing appliances used for silkworm rearing, improper disposal of bed refuse, inadequate disinfection, continuous rearing of silkworms, simultaneous rearing of different stages, overcrowding, unhygienic rearing conditions, etc. (Bulla Jr et al., 1975) . In addition, Sikorowski and Lawrence (1998) demonstrated that healthy moths of Heliothis virescens may become infected from S. marcescens surface-contaminated pupae; infected moths may contaminate eggs externally or infect them internally.
From this study, it is evident that chitosan solution has strong antibacterial activity against S. marcescens, which is also an opportunistic human pathogen, and in the last three decades there has been a steady increase in nosocomial S. marcescens infections that can be life-threatening (Hejazi and Falkiner, 1997) . As many S. marcescens strains are also resistant to multiple antibiotics (Hejazi and Falkiner, 1997) , it represents a growing problem for public health. Chloroform extract of Ferula persica var. persica roots was found to inhibit the red pigment production of S. marcescens. However, neither the chloroform extract nor the isolated umbelliprenin fraction showed any antibacterial activity against the test strain at a certain concentration (Iranshahi et al., 2004) . Considering the absence of any sort of remedial measures for S. marcescens infections, the present investigation may prove helpful in this field.
In our pre-study experiments, which were carried out to select a suitable method for silkworm inoculation, we also found that S. marcescens is highly pathogenic when inoculated into the hemocoel of silkworm larvae, while it is only mildly pathogenic when ingested (data not shown). This is consistent with the result of Bucher (1959) , who found that the mean lethal dose of S. marcescens inoculated into the hemocoel of grasshoppers ranged from 10 to 50 bacterial cells, and the LD 50 of S. marcescens ingested by grasshoppers was found to be about 3ϫ10 5 -5ϫ10 5 bacterial cells. Recently, the silkworm genome project was completed by Japanese and Chinese groups, which will facilitate the study of host factors involved in infectious processes (Mita et al., 2004; Xia et al., 2004; Kaito and Sekimizu, 2007) .
The results of this study indicated that silkworm larvae fed mulberry leaves treated with chitosan solution showed significantly reduced mortality when inoculated with strain ZJS0801 of S. marcescens. In addition, silkworm larvae inoculated with a mixture of S. marcescens and chitosan solution resulted in a significant decrease in mortality compared to bacteria alone. In agreement with our in vivo experiment results, we also found that the surviving cell numbers in chitosan solution were decreased significantly after different incubation times compared to the control. Therefore, decreased mortality can be attributed, at least in part, to the antibacterial activity of chitosan solution.
Most studies on the mode of action of chitosan have been conducted with fungal pathogens, and little is known about its action on bacteria (Li et al., 2008b) . Several studies have indicated that the interactions between positively charged chitosan molecules and negatively charged residues on the bacterial cell surface play an important role in the inhibitory effect of chitosan on Gram-negative bacteria (Helander et al., 2001 ). In addition, it has been suggested that the reduction of cell numbers is caused by cell-surface alterations and loss of barrier functions (Helander et al., 2001) . Chitosan with a positive charge easily reacts with negatively charged bacteria and further inhibits bacterial growth. Surface interference is a possible mechanism of the bactericidal properties (Helander et al., 2001) . Further, Chung and Chen (2008) found that the inactivation of Escherichia coli by chitosan occurs via a two-step sequential mechanism: initial separation of the cell wall from its cell membrane, followed by destruction of the cell membrane. Hejazi and Falkiner (1997) demonstrated that S. marcescens mannose-dependent fimbriae can adhere to biological surfaces and form biofilms, which are aggregations of bacteria and extracellular secretions (Queck et al., 2006) . Fimbriae are among the virulent cell-surface structures of S. marcescens which contain the adhesins mediating adherence to eukaryotic cell surfaces, via recognition of specific carbohydrate moieties on the host cell surface glycoconjugates. Recently, Castro et al. (2007) demonstrated that D-mannose protects Trypanosoma cruzi and Trypanosoma rangeli from lysis caused by S. marcescens variants SM365 and RPH; however, this carbohydrate was unable to interfere with the hemolysis induced by SM365 and RPH variants. Thus, D-mannose bacterial fimbriae are relevant to S. marcescens in the lysis of parasites. Further studies are required to evaluate the combined effects of chitosan and D-mannose on bacterial septicemia disease of silkworms.
In conclusion, our results clearly demonstrate that chitosan solution has strong antibacterial activity against two strains of S. marcescens under various environmental conditions. In addition, it is evident that chitosan solution has potential in the prevention and control of silkworm bacterial disease. Considering the absence of any remedial measures for bacterial septicemia disease of silkworms, the present investigation may prove helpful in a field which is largely dominated by economically restricted silkworm growers.
